In recent years, remarkable linear and non-linear optical properties of graphene have been extensively demonstrated[@b1][@b2]. For example, second order non-linearity using 800 nm, 150 femtosecond laser pulses has been observed in a single-layer and multi-layer graphene[@b3]. It has been shown that the graphene third-order non-linear susceptibility is one order of magnitude stronger than that of carbon nanotubes[@b4]. In addition, the bandgap of bilayer graphene can be tuned by applying external electric field[@b5]. Outstanding optical properties of graphene suit this material for a whole range of applications in optics. Recently, the photo-absorption of graphene has been used in efficient photocurrent generation with internal efficiencies in the range of 15--30%[@b6][@b7]. In[@b8], an optical modulator was demonstrated based on tuning the Fermi level of graphene on top of a complementary metal-oxide semiconductor (CMOS) compatible silicon optical waveguide. Modulation speeds of more than 1 GHz over a broad spectrum ranging from 1.35 μm to 1.6 μm were achieved. Terahertz sources based on electrical or optical pumping of graphene have also been proposed[@b9]. Graphene also demonstrates non-linear optical properties such as second-harmonic generation[@b3] and Raman scattering[@b10] which can possibly lead to realization of optical switches and logic gates. Furthermore, since optical properties of graphene can be tuned with applying external electric field[@b1], one can envision tunable optical components.

For many of the aforementioned optical applications, increasing light-graphene interaction can help improve the device efficiency. This concept has been considered in single emitters[@b11] where metallic structures have been used to enhance the emission or absorption from a single emitter. Similar enhancement can be achieved by integration of graphene layers on plasmonic structures[@b12][@b13]. This integration allows for coupling of photons to plasmons and using the plasmon-polariton waves to interact with graphene. Very recently, plasmonic nano-antennas sandwiched between two single layers of graphene have been demonstrated for enhanced optical absorption and photodetection[@b14]. Graphene was also used as a test bed for investigating surface enhanced Raman scattering (SERS) from two closely placed gold nano-disks creating a hotspot in the gap[@b15]. The output Raman intensity from the graphene layer suspended on the nano-structure was increased by a factor of 12.8 as compared to the same layer placed on a silicon dioxide substrate. Wang *et al.*[@b10] reported a large graphene Raman enhancement by a factor of \~1000 by suspending graphene on gold pyramids as compared to graphene on a gold substrate. They also measured the Raman signal of graphene on a silicon dioxide substrate and the Raman signal for graphene on silicon dioxide is at-least few times larger than graphene on gold. The enhancement achieved in[@b10] would be smaller than the reported values if graphene on silicon dioxide is used as a reference. As we will discuss later, we believe that the graphene on a dielectric substrate, such as silicon dioxide, should be used as a standard test structure for comparing Raman enhancement. While enhanced Raman provides a good test bed for investigating the electric field enhancement within the graphene layer, the Raman signal can also be used for optical non-linear devices such as optical switches and logic gates as has been demonstrated for silicon waveguides and nanowires[@b16][@b17].

In this paper, we demonstrate highly enhanced Raman scattering from graphene layer suspended on a plasmonic structure at an incident wavelength of 532 nm. Using crescent nano-structures the actual output Raman intensity was increased by a factor of 890 as compared to that of graphene on silicon dioxide for the G-peak and by a factor of 38 for the 2D-peak. These results show significant enhancement as compared to[@b10] and[@b15]. The plasmonic structure was optimized to achieve high intensity electric fields at the wavelength of 532 nm using silver nano-rings and nano-crescents on a gold mirror substrate. Since the spacing (gap) between the graphene layer and the nano-structures is not constant, the achieved enhancement is varying from one point to another point in the sample. These observations are well understood by electromagnetic modeling of these structures.

Results
=======

Device architecture
-------------------

Enhanced localized electric fields have been achieved in plasmonic structures by using small gaps[@b18] or sharp edges[@b19]. Periodic arrangement of nano-structures also plays a crucial role in creation of localized enhancements[@b20]. In our device, we combine the sharp nano-structures in a periodic arrangement. Schematics of the proposed structures are shown in [Fig. 1(a)--(b)](#f1){ref-type="fig"}. The plasmonic configurations consist of two-dimensional periodic silver nano-structures on top of a gold-coated glass substrate. The thickness of the gold mirror was 30 nm. Two different shapes were tested: ring and crescent. The inner and the outer diameters were varied for the both structures. The ring structure was chosen as it has previously been studied for enhanced optical properties[@b21] while the crescent structure has sharp tips. The optimal ring structure with maximum enhancement had inner and outer diameters of 180 nm and 270 nm, respectively; and the optimal crescent had a maximum width of 45 nm and inner and outer diameters of 130 nm and 220 nm, respectively. Definition of the crescent structure can be seen in the [Supplementary Information (SI)](#s1){ref-type="supplementary-material"}. Representative scanning electron microscope (SEM) images of fabricated nano-structures are shown in [Fig. 1(c)--(d)](#f1){ref-type="fig"}. Since the electric fields are highly localized on the surface of plasmonic structure, the enhancement of the Raman signal will depend on the gap between the graphene and the nano-structures. As such, the crescent shape allows graphene to penetrate into the empty region, resulting in a smaller gap. Furthermore, the crescent structure should also create highly localized hot spots at its two corners. For both the structures, the height of the silver was 75 nm. The nano-structures were arranged in a two dimensional square lattice with a period of 400 nm. A unique aspect of the proposed structure is the use of a gold reflecting mirror below the silver plasmonic nano-structures. Light is reflected from the gold with a \~π phase shift; therefore, the hot spot locations are pushed to the top of the silver nano-structure (see the SI for the important role of the gold layer to localize the electric field on top of the nano-structure). This configuration allows for the hot spots to be in close proximity to the graphene thereby increasing the Raman intensity.

Raman measurements
------------------

[Figure 2](#f2){ref-type="fig"} shows the graphene Raman spectra for the two aforementioned types of nano-structures and the silicon dioxide substrate. Raman signal from the optimized structures has been plotted in [Fig. 2](#f2){ref-type="fig"}. In addition, more measured Raman spectra are shown in the SI. Various Raman peaks are identified in this figure. The two most intense peaks are the G-peak at \~1600 cm^−1^ and 2D-peak at \~2700 cm^−1^. For graphene on silicon dioxide and the ring structure, the 2D-peak is greater than the G-peak, a signature of single layer graphene. A weak D-peak is present at 1466 cm^−1^ for graphene on the silicon dioxide substrate (see SI) showing that the graphene layer used in the experiment has defects to begin with. The D-peak arises due to the intra-valley double resonance process involving a single phonon and defect[@b24]. Since we are doing relative comparisons to understand the improvement by plasmonics, these defects should not be an issue. In addition other issues such as strain and doping of graphene can arise during and after transfer of graphene onto a non-flat substrate. The Raman signals of graphene after transfer to the nano-structures were also measured at the side of the arrays where graphene were suspended on flat gold coated substrate. No significant differences were observed over multiple measurements at different spots. For the crescent shape, D-peak at \~1350 cm^−1^ becomes quite prominent with intensity nearly the same as that of the G-peak. This peak was weakly present in graphene on the ring structure. The origin of this peak is believed to be due to sharp graphene folds[@b10]. These folds are clearly visible in [Fig. 1(d)](#f1){ref-type="fig"} showing the SEM image of graphene on crescents. Folds were more pronounced and present in the arrays with crescent structures as compared to the ring structures. We believe the sharp corners of the crescent structure break the symmetry of the nano-structure and cause these folds. These folds were observed in[@b10] also which had similar sharp features in pyramids. The sharp folds may also come from the corrugations but we have not observed them in the ring nano-structure. It is to be noted that these different arrays were placed very closely together with spacing of 100 μm. Since, the height of our corrugation is quite small compared to the lateral dimensions and spacing between the rings, the graphene seems to have been uniformly laid over the ring nano-structure. So we believe it is not the vertical corrugation but the sharp tips which originate the folds in graphene layers. Measurements from different parts of the array always showed a large D-peak for the crescent nano-structures (see the SI).

The enhancement, the peak position and the full-width half maximum (FWHM) of the G- and 2D-peaks of all cases are summarized in [Table 1](#t1){ref-type="table"}. Some interesting features can be seen in the obtained results. First of all, a much larger enhancement is achieved for the G-peak as opposed to that of the 2D-peak. Second, the difference in the enhancement is much more prominent for the crescent structure as compared to that of the ring structure. For the graphene on the crescent structure, the G- and D-peaks are close together and the intensities from them overlap with each other. As such, curve fitting was used to de-convolve the Raman intensities due to these two different peaks and the enhancement was calculated from the fitted data (see the SI). For the ring and the crescent shapes, the intensity of the G-peak has been enhanced by a factor of 154 and 890, respectively. While these numbers do not change significantly for the graphene on ring structure; the enhancement is 973 if the raw experimental data is used for the graphene on the crescent structure. At the 2D-peak, the enhancements for the ring and the crescent structures are 73 and 38, respectively. Interestingly, the enhancement for the 2D-peak for the ring geometry is almost twice as large as that of the crescent geometry. The two nano-structures have substantially different surface sizes for the silver. The difference in size of these nano-structures could also reflect in the higher Raman enhancement for crescent. However, if that was the case, enhancement would also have been higher for the 2D-peak for the crescent structure, which is not the case. Furthermore, as shown in the SI, the enhancement for the ring structure reduces as the diameter is decreased. Localized surface plasmons generated due to the periodic structure play an important role as will be discussed later.

In measuring Raman intensities from different substrates one has to be careful to make sure that graphene quality are the same as Raman signatures can vary greatly with doping, strain and growth process. The crescent and the ring structures were fabricated on the same substrate with 100 μm spacing and the same graphene sample laid on them. However, because of the sharp tips of the crescent structure, the quality of the graphene on this structure is deteriorated. Result of this deterioration appears in the large measured D-peak. Broadening of the Raman signal (see [table 1](#t1){ref-type="table"}) also confirms the presence of defect for the crescent case. These entire defect evidences correlate well with the wrinkles observed in the SEM images in [Fig. 1](#f1){ref-type="fig"}. This deterioration could be the reason of the 2D-peak being less than the G-peak in intensity for the crescent structure leading to a lower measured enhancement. The other issue could be the effect of doping of graphene on the gold nano-structures as compared to graphene on silicon dioxide. However, it has been shown that the 2D peak intensity drops as the doping level increases[@b24][@b25][@b26][@b27]. In our plasmonic samples, both 2D-peak and G-peak intensities have increased significantly compared to the sample on silicon dioxide which strongly suggests the role of surface plasmonic enhancement as predicted by proposed theoretical model.

To evaluate the achieved enhancement, a reasonable reference structure is needed. It is notable that, graphene layer over a gold substrate is not an appropriate reference structure because the electric field on the surface of gold vanishes (conductive boundary conditions); therefore, any nonzero finite electric field, generating even a small Raman signal, may appear as a large enhancement. We observed this problem in our samples with a minimal gap between graphene and gold where Raman signal was very weak and the enhancement appeared to be extremely large. Similarly as presented in[@b10], the Raman signal for graphene on gold is appreciably weaker than graphene on silicon dioxide. It is our contention that the enhancement should be evaluated with respect to that of a graphene layer on a dielectric substrate with low refractive-index such as silicon dioxide, as the reference structure. An additional advantage of such reference structure is that the reference values minimally depend on the distance between the graphene and the substrate, thus making it a reliable platform for reference. Using the graphene-on-silicon-dioxide substrate as a reference structure, a Raman enhancement of 890 for crescent and 154 for ring at the G-peak were obtained.

The spectral shape of the various Raman peaks was also examined. Lorentzian functions were fitted to the different peaks (see the SI for more details). For graphene on silicon dioxide, G- and 2D-peaks were centered at 1595 cm^−1^ and 2693.5 cm^−1^, respectively. For graphene on ring structure, both peaks were minimally shifted and were observed at 1595.4 cm^−1^ and 2693.4 cm^−1^, respectively. For the crescent structure, larger shifts were observed and the peaks were centered at 1599.5 cm^−1^ and 2684.5 cm^−1^. The shifts suggest that graphene is under strain for the crescent structure.

Discussion
==========

As mentioned, a much higher G-peak enhancement was observed for the crescent structure. Furthermore, the enhancement behavior was different for the two structures. In order to investigate these differences, electric field distributions were calculated using HFSS (from Ansys), and are shown in [Fig. 3](#f3){ref-type="fig"} for the two structures at different wavelengths corresponding to the incident and the Raman signals. The 532 nm is the wavelength of the incident laser. Wavelengths of 582 nm and 622 nm correspond to the wavelength of Raman signals at the G-and 2D-peaks, respectively. We have previously demonstrated that silicon nanowires Raman enhancement is dependent on the overlap integral of the optical power distributions of the incident and the Raman scattered signals[@b22]. A similar approach is adopted here for graphene as follows: where *E~λo~* and *E~λ1~* are the electric field distributions at the input and Raman scattered wavelengths, respectively. The values of the electric field are normalized to have a power of 1 W. For computational simulations, a planar graphene layer on top of plasmonic structures was considered. Electric field perturbations due to the presence of graphene were not modeled. Nevertheless, the simulations help us to quantify the enhancement effects. The overlap integral was done only over the planar surface, *S*, where graphene is assumed to be present. As shown in [Fig. 3(a)--(b)](#f3){ref-type="fig"}, for the crescent structure the incident field and the corresponding G-peak electric field become highly concentrated at the corners of the crescent, increasing the intensity at these points. However, the electric field at the wavelength corresponding to the 2D-peak is not as well localized at the corners resulting in a poor overlap integral between incident and Raman signals. Thus, while giant surface plasmonic enhancements occur for the incident field and the G-peak in the structure; they do not occur at the 2D-peak. The electric field distributions for the ring structure show lesser variations with changing wavelength as compared to the crescent. Consequently, the enhancement does not decrease as much for the 2D-peak for the ring structure as it does for the crescent structure. In fact, the enhancement for the 2D-peak is larger for graphene on the ring structure as compared to that on the crescent structure. It is also found that the surface plasmonic excitations are highly sensitive to the geometrical parameters within the structure such as the height of the silver, diameter of the ring and crescent, and lattice spacing thus giving room for further enhancement. Significantly, enhancements do not increase monotonically as diameter increased; and for each structure an optimal value was achieved.

Spacing between the graphene and nano-structures also plays a major role in the achieved enhancements as the electric field is highly confined to the surface of the silver nano-structure. Atomic force microscope (AFM) measurements were conducted at different spots of the crescent sample to investigate the graphene\'s height relative to the substrate. The AFM images of two such spots are shown in [Fig. 4 (a)--(b)](#f4){ref-type="fig"}. [Figure 4(a)](#f4){ref-type="fig"} shows a location where the graphene is well attached to the crescents (crescent\#1) and individual element profiles within the periodic structure can be observed. With the graphene average height of 80 nm and considering the height of nano-structures, 75 nm, the average spacing between graphene and the silver top is estimated as 5 nm. [Figure 4(b)](#f4){ref-type="fig"} shows a place where the graphene is not well-attached to the plasmonic structures (crescent\#2) and is sitting like a tent on top of the nano-structures. In the latter, individual crescents within the periodic structure are not resolved. The average height difference in this case is 150 nm but it is not clear whether the graphene is touching the gold surface in middle of the crescents. Nevertheless, the distance between the graphene and silver nano-structures is obviously larger than the previous spot. Raman measurements from these two spots are shown in [Fig. 4(c)](#f4){ref-type="fig"}. The enhancement for the second spot is much weaker compared to that of the first spot for the G-peak; while 2D-peak does not decrease much. Again due to poor overlap between the distributions for the incident electric field and that of 2D-peak, no significant variation in intensity is expected. The sharp drop in intensity for the G-peak, as the distance increases, demonstrates the presence of strongly confined surface plasmonic fields. The FWHMs are also shown in [Table 1](#t1){ref-type="table"}. The FWHMs of crescent structures are still larger than those for the ring structure and silicon dioxide showing that the graphene has defects. The lower intensity for the larger gap shows that the enhancements we measure are mainly due to the plasmonic enhanced electric field. The predicted enhancements as a function of the distance between the graphene and the silver nano-structures, for both the crescent and the ring configurations are shown in [Fig. 5](#f5){ref-type="fig"}. For the same distance between the graphene and the plasmonic structure, higher enhancement is predicted for the crescent structure, fully verifying the experimental results. Much smaller experimentally observed enhancement for the ring structures, as compared to the crescent structures, can be due to the larger gap between the graphene layer and the rings. Interestingly, the simulated difference in enhancement between the G- and 2D-peaks is less for the ring as compared to that for the crescent. As the distance between the graphene and the crescent increases, enhancement decreases more sharply for the G-peak as compared to the 2D-peak; which is again in accordance with the experimental results. The enhancement achieved is smaller than predicted by simulations which could be from the fact that the non-ideal crescent shapes were achieved experimentally. Another discrepancy observed in the simulations is the prediction of higher enhancement for the 2D-peak as opposed to G-peak for the ring structure. However, in the experiment we observed vice-versa enhancements. We simulated the structures for different fabrication tolerances and found the behavior of the G- and 2D-peak for the ring to be highly sensitive to height of the silver nano-structures. Predicted enhancements for 70 nm height of silver are shown in the SI and match the experimental trends. The uncertainty in height could be due to the tolerances in the measurements or possible oxidation of the silver. Furthermore, in simulations we consider ideal crescents with sharp edges while the fabricated structures were rounded off. Nevertheless, the simulations do help understand the enhancement and especially the difference G and 2D peaks for the two different structures.

As shown by simulations, the reduction of the Raman intensity with increased spacing correlates well with the AFM measurements. Not only is the reduction predicted but also the different behavior for the G- and 2D-peak for different spacing is also shown. These results also demonstrate that the optoelectronic devices made of graphene on plasmonic structures can be directly characterized using simple Raman measurements. In addition, the Raman spectroscopy can effectively be used to investigate the impact of graphene folds, difference in the heights etc. minimizing the need for more time consuming characterization methods such as AFM or SEM.

In summary, we have demonstrated three orders of magnitude of Raman enhancement from a monolayer of graphene using silver plasmonic nano-structures placed on the gold mirror. AFM measurement revealed critical role of graphene topography over the nano-structure in intensifying light-graphene interactions. In addition, a FEM simulation model was developed to understand the light-nano-structure-graphene interactions and its effects on Raman enhancement of graphene at two different peaks. This extremely enhanced light-graphene interaction will find potential applications in several areas including solar cells, photodetectors, optical modulators and nonlinear optical devices.

Methods
=======

Fabrication
-----------

First, 5 nm of titanium followed by 30 nm of gold was deposited on a Corning glass wafer using electron beam deposition. Then, the sample was spin coated with PMMA-A4 at speed of 3000 rpm resulting in a 190 nm thick layer of PMMA. The sample was baked in a vacuum oven for 20 minute at 180°C. Electron beam lithography was carried out using a Raith TWO-150 at 25 KV. The pattern was developed on MIBK:IPA 1:3 bath for 40 s followed by 30 s rinsing with IPA. Next, 75 nm thick silver was deposited and then the sample was soaked in PG remover over night to accomplish the lift-off process. The graphene was purchased from ACS Material[@b23]. The upper side of the graphene monolayer is covered with 500 nm of PMMA and the PMMA-graphene film is laid on a polymer substrate. To transfer the graphene, first the substrate was immersed in deionized (DI) water which results in releasing and then floating the PMMA-graphene film on the water surface. Subsequently the PMMA-graphene film was scooped out of water using the plasmonic chip. After the transfer, droplets of water were observed to be trapped between the array of nano-structures and the graphene layer. To dehydrate the sample, the graphene was blown by a nitrogen gun for a few minutes and then heated in an oven. Due to these trapped water droplets and some wrinkles that developed during the transfer process, the graphene tends to lie differently on the ring and crescent shaped nano-structures. Finally, the sample was soaked in acetone to dissolve the PMMA and make the sample ready for Raman measurements.

Raman measurements
------------------

The Raman spectra of graphene were measured at several spots on each array, using a Horiba Jobin Yvon HR800 series micro-Raman spectrometer coupled to an Olympus inverted microscope. A laser beam with a wavelength of 532 nm was focused onto the sample with a 20× short working distance objective that had a numerical aperture of 0.40, resulting in a spot size of \~1 μm in diameter. The laser power was 1 mW and spectra were recorded with an exposure time of 15 s and summed over 10 accumulations.

Atomic force microscopy
-----------------------

AFM measurements of the graphene surface were acquired using a JPK Nanowizard 3 AFM operating in intermittent-contact mode. Scans were performed with a Budget Sensors TAP-150 G intermittent contact cantilever; nominally, spring constant of *k* = 5 *N/m*, resonance frequency of *f* = 150 *kHz*.
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![(a)--(b) Schematic diagrams of ring and crescent nano-structures on a gold coated glass substrate. The thickness of gold is 30 nm and the height of silver nano-structures is 75 nm. (c)--(d) Top view SEM images of graphene lies on ring and crescent nano-structures. Arrows point to the folds in the graphene on top of the crescent structure. Scale bars are 200 nm.](srep02936-f1){#f1}

![Raman spectra of graphene on thin film of silicon dioxide, silver rings and silver crescents.\
Raman spectra of graphene on thin film of silicon dioxide is multiplied by a factor of 10 for ease of visualization.](srep02936-f2){#f2}

![Electric field distribution for (a)--(c) crescent at wavelengths of 532 nm, 582 nm and 622 nm (d)--(f) ring at wavelengths of 532 nm, 582 nm and 622 nm.](srep02936-f3){#f3}

![AFM images of two different spots: (a) silver crescent \#1 (b) and silver crescent \#2 showing how graphene lies on crescent nano-structures. (c) Raman spectra measured for these two different spots.](srep02936-f4){#f4}

![Simulated enhancement of Raman for (a) crescent and (b) ring nano-structures at two different Raman peaks of graphene.](srep02936-f5){#f5}

###### Summary of enhancements, positions and FWHM of the G-, 2D- and the D-peaks for different structures

  Peak        Structure     Enhancement   Center Wavenumber (cm^−1^)   FWHM (cm^−1^)
  --------- -------------- ------------- ---------------------------- ---------------
  G-peak        SiO~2~          ---                  1595                   33
                 Ring           154                 1595.4                  38
             Crescent \#1       890                 1599.5                  140
             Crescent \#2       155                 1596.7                  60
  2D-peak       SiO~2~          ---                 2693.5                  34
                 Ring           73                  2693.4                  34
             Crescent \#1       38                  2684.5                  72
             Crescent \#2       31                  2690.4                  64
  D-Peak         Ring           ---                 1351.6                  38
             Crescent \#1       ---                  1363                   190
             Crescent \#2       ---                  1361                   155
